We report on the origin of fragmentation of ultracold atoms observed on a magnetic film atom chip. Radio frequency spectroscopy and optical imaging of the trapped atoms is used to characterize small spatial variations of the magnetic field near the film surface. Direct observations indicate the fragmentation is due to a corrugation of the magnetic potential caused by long range inhomogeneity in the film magnetization. A model which takes into account two-dimensional variations of the film magnetization is consistent with the observations.
I. INTRODUCTION
An atom chip is designed to manipulate magnetically trapped ultracold atoms near a surface using an arrangement of microfabricated wires or patterned magnetic materials ͓1,2͔. Since the realization of Bose-Einstein condensates ͑BECs͒ on atom chips ͓3,4͔, pioneering experiments have studied single-mode propagation along waveguides ͓5͔, transport and adiabatic splitting of a BEC ͓6͔ and recently on-chip atom interferometry ͓7,8͔. Permanent magnets are particularly attractive for atom chips as they can provide complex magnetic potentials ͓9͔ while suppressing current noise that causes heating and limits the lifetime of trapped atoms near a surface ͓10͔. To date, permanent magnet atom chips have been developed with a view to study onedimensional quantum gases ͓11-13͔, decoherence of BEC near surfaces ͓10,14͔, hybrid magnetic and optical trapping configurations ͓15͔, and self-biased fully permanent magnetic potentials ͓16͔. It has been found, however, that in addition to current noise, atom chips have other limitations, as undesired spatial magnetic field variations associated with the current-carrying wires or magnetic materials can act to fragment the trapped atoms.
In previous work, fragmentation of atoms trapped near current-carrying wires was traced to roughness of the wire edges that causes tiny current deviations ͓17,18͔. This introduces a spatially varying magnetic field component parallel to the wire which corrugates the bottom of the trap potential. While more advanced microfabrication techniques have been used to produce wires with extremely straight edges, thereby minimizing fragmentation ͓19,20͔, the first experiments with permanent magnet atom chips have now also indicated the presence of significant fragmentation ͓13,21,22͔. This has motivated further work towards understanding the mechanisms that cause fragmentation near magnetic materials.
In this paper we report on the origin of fragmentation near the surface of a permanent magnetic film atom chip. To characterize the magnetic field near the film surface we have developed a technique which combines precision radio frequency ͑rf͒ spectroscopy of trapped atoms with high spatial resolution optical imaging. This allows sensitive and intrinsically calibrated measurements of the magnetic field landscape to be made over a large area. We find the fragmentation originates from long range inhomogeneity in the film magnetization and has characteristics that differ from those observed for current-carrying wire atom chips. To account for the observations we have developed a model for the spatial decay of random magnetic fields from the surface due to inhomogeneity in the film magnetization. After the measurements using the ultracold atoms we have studied the magnetic field near the chip surface using a home-built scanning magnetoresistance microscope.
II. EXPERIMENTAL SETUP
A schematic diagram of a basic magnetic film atom chip is shown in Fig. 1 . Our atom chip uses a Tb 6 Gd 10 Fe 80 Co 4 film which exhibits strong perpendicular anisotropy ͓14͔. The edge of the 300 m thick glass-slide substrate is polished to optical quality prior to film deposition. Scanning profilometer measurements on similarly prepared substrates indicate that the residual edge roughness is less than 50 nm and the top surface is extremely smooth. The substrate is sputter coated with a multilayer magnetic film ͑6 ϫ 150 nm Tb 6 Gd 10 Fe 80 Co 4 and 6 ϫ 140 nm Cr͒ and a gold overlayer ͑100 nm͒, and the film topology accurately follows that of the polished substrate. The deposited film has been analyzed using a SQUID magnetometer and a magnetic force microscope ͑MFM͒ and has shown excellent magnetic properties ͓23͔. The film is magnetized perpendicular to the surface by *Electronic address: brhall@swin.edu.au a magnetic field of 1 T and afterwards is magnetically homogeneous within the sensitivity of the MFM. A second glass slide, coated with a nonmagnetic gold film, completes the reflective atom chip surface ͑Fig. 1͒. Both substrates are then epoxied to a 500 m thick silver foil current-carrying structure which is used for loading ultracold atoms into the permanent magnet microtrap, to provide weak longitudinal confinement, and as an in-built radio frequency antenna.
At the edge of the perpendicularly magnetized film a field is produced that is analogous to that of a thin currentcarrying wire aligned with the film edge ͑I eff = 0.2 A͒ ͓9,14͔. A magnetic microtrap is formed by the field from the film, a uniform magnetic field B bias , and two current-carrying end wires.
In the experiment 2 ϫ 10 8 87
Rb atoms are collected in a mirror magneto-optical trap located 5 mm from the surface. These atoms are optically pumped to the ͉F =2,m F = +2͘ hyperfine state and subsequently transferred to a magnetic trap formed by a Z-shaped current-carrying wire and B bias . A preliminary rf evaporative cooling stage is used to reduce the cloud temperature below 5 K. The remaining atoms are then transferred to the magnetic film microtrap by adiabatically reducing the current through the Z-shaped wire to zero.
The final values of B bias vary from 0.2 mT to 0.8 mT, so the transverse trap frequency r varies between 2 ϫ 410 Hz and 2 ϫ 1500 Hz while the trap position y 0 ranges from 200 m to 50 m from the film edge. The end wires are operated at 0.5 A such that the trap depth is ϳ100 K and the elongated cloud of atoms extends 5 mm along the edge of the atom chip to allow measurement of the magnetic potential.
III. SPATIALLY RESOLVED RADIO FREQUENCY SPECTROSCOPY
The narrow energy distribution of ultracold atoms is an inherent advantage when used as a probe of weak potentials. In particular, the equilibrium distribution of trapped atoms has been used to image magnetic fields near test wires with high sensitivity and high spatial resolution ͓24,25͔. In parallel, rf spectroscopy has been used as a precise and powerful method for investigating the properties of cold atom clouds ͓26-30͔. In this paper we use rf spectroscopy of ultracold atoms to accurately profile small magnetic field variations near the magnetic film surface.
A. Measurement technique
A spatially uniform rf field of frequency is applied perpendicular to the trap axis to resonantly outcouple atoms to untrapped magnetic states at positions where g F B ͉B͑x , y , z͉͒ = h. The rf field is swept using a single frequency ramp ͑ϳ0.2 MHz/ s͒ from 2 MHz to a final cutoff frequency f ranging between 1.4 MHz and 0.5 MHz. The Rabi frequency of the rf transition is 2 ϫ 0.5 kHz, high enough to ensure that atoms with total energy greater than h are removed from the trap with high probability and that regions of the potential where g F B ͉ B͑x , y , z͉͒ ജ h thereafter remain unpopulated. During the early stages of the rf sweep the cloud undergoes some evaporative cooling as the in-trap collision rate is high enough to allow rethermalization. At the end of the sweep the resonant frequency approaches that corresponding to the trap bottom and the cloud becomes significantly truncated by the rf field.
Immediately after the sweep, B bias is switched off within 0.5 ms to accelerate the atoms away from the film surface for 1 ms in the remaining permanent magnetic field gradient. The rapid switch off also causes some nonadiabatic transitions to the m F = + 1 state, the presence of which can be seen in Fig. 2 as shadows above the main absorption images. The m F = + 1 components are excluded from the analysis. The longitudinal density distribution is unperturbed during the expansion and is an accurate representation of the in-trap distribution. A resonant absorption image is then recorded by a CCD with a spatial resolution of 5 m. A series of absorption images for different values of f is shown in Fig. 2 . Noticeable fragmentation is observed when f is reduced below 1.3 MHz ͓Fig. 2͑a͔͒. For f ϳ 0.9 MHz the density distribution becomes truncated by the rf field and regions of the atomic density decrease to zero ͓Fig. 2͑b͔͒. Reducing f further results in well separated clumps of atoms which are found only in the lowest potential wells ͓Figs. 2͑c͒ and 2͑d͔͒.
B. Data analysis
For a quantitative analysis we assume that the full trapping potential can be expressed in terms of the transverse confinement and the corrugated longitudinal potential m F g F B ͉ B z ͑z͒ + B 0 ͉ where B 0 is a uniform offset field ͓18͔. The atomic distribution in the trap immediately after the rf sweep is described by a truncated Boltzmann distribution ͓27,31͔. To extract ͉B z ͑z͒ + B 0 ͉, the integrated atomic density as a function of f can be fit for each position z to the truncated thermal distribution function
where n ϱ is the integrated atom density before truncation and the spatially dependent truncation parameter ␤ is Rb atomic density in the magnetic microtrap located y 0 =67 m below the magnetic film edge. The trap parameters are B bias = 0.57 mT, B 0 =82 T, and r =2 ϫ 1070 Hz. The initial cloud temperature is T =10 K. As the rf cutoff f is decreased, the structure of the potential is revealed, ͑a͒ f = 1238 kHz, ͑b͒ f = 890 kHz, ͑c͒ f = 766 kHz, ͑d͒ f = 695 kHz.
where T is a fit parameter, which characterizes the nonequilibrium distribution during truncation. We find however that this model does not satisfactorily reproduce the density distribution in regions of the potential where the atomic density becomes large; specifically at the bottom of each potential well for lower values of f . To minimize this effect we section the full data set into 80 m spatial regions and fit Eq. ͑1͒ using a two-dimensional minimization algorithm as opposed to fitting for each value of z independently. This effectively constrains the fitted truncation temperature T to vary smoothly over a range corresponding roughly to the extent of a potential well. After reconstructing the magnetic field profile the effect of the end wires is subtracted. The statistical uncertainty in the measurement is approximately 0.1 T, which is mainly attributed to fluctuations of external magnetic fields. With appropriate magnetic shielding the expected sensitivity of the technique is limited by the power broadened rf linewidth required to effectively outcouple atoms.
Complete magnetic field profiles are given for four distances from the film edge in Fig. 3 . First, the amplitude and structure of the observed corrugated potential are constant from day to day; however the rms amplitude increases as the trap is positioned closer to the surface, following an approximate power-law dependence given by B z,rms = 1. We also analyze the frequency characteristics of the corrugated magnetic potentials. Figure 4 shows the power spectral density of each profile estimated using Welch's averaged modified periodogram method with eight segments overlapping by 50% ͓32͔. The spectra reach a maximum for low wave vectors and roll off at a value of k z which depends on the distance to the film edge. From this we identify a characteristic period, which for y 0 Ͼ 100 m corresponds to about 390 m, significantly longer than that commonly observed near electroplated wires ͓18,33͔. Fourier components with shorter periods contribute less than 10% to the total integrated noise power. Additional corrugations appear closer to the film ͑y 0 Ͻ 70 m͒ and the characteristic period is about 170 m. These y-dependent characteristics of the potential have allowed time-dependent manipulation of BECs in a double-well region of the corrugated potential ͓34͔.
We have found that the amplitude of the corrugated potential is not consistent with magnetostatic calculations based on fluctuations of the film edge ͑Fig. 6͒, suggesting that the cause of fragmentation may be spatial variations of the magnetization within the body of the film. To investigate this, a second bias field is applied in the y direction to bring the trap closer to the surface while keeping a constant distance from the edge of the magnetic film. Two CCD cameras and two resonant probe laser beams are used to simultaneously record absorption images parallel and perpendicular to the trap axis to measure the transverse position x of the cloud and the longitudinal z profile of the cloud in equilibrium with the trapping potential ͑Fig. 5͒. When the cloud of atoms is posi- Magnetic field profiles B z ͑z͒ measured using spatially resolved rf spectroscopy ͑solid lines͒ for various distances y 0 below the magnetic film edge. The field offset B 0 and the effect of weak longitudinal confinement are subtracted and each profile has been offset by 40 T for clarity. The dotted lines correspond to measurements of the magnetic film edge using a scanning magnetoresistance probe which measures the B y component of the corrugated magnetic field. The relative longitudinal offset between the two measurements is initially unknown and is adjusted for optimum agreement. tioned y 0 =50 m from the surface of the magnetic film ͑x 0 = + 100 m͒ we observe significant fragmentation ͓Fig. 5͑c͔͒. A similarly prepared cloud positioned y 0 =50 m from the nonmagnetic gold surface ͑x 0 = −100 m͒ for the same distance to the film edge, however, does not exhibit significant atomic density variations ͓Fig. 5͑a͔͒. The radial trap frequency for both situations is approximately r =2 ϫ 400 Hz and the cloud temperature is kept constant at ϳ5 K. The central positions z of the clouds are offset due to the axial confining potential produced by the end wires which is affected by the applied y bias field. In addition to the clear difference in the fragmentation amplitude, we also note that the relative locations of the maxima and minima differ for atom clouds below the magnetic film surface ͓Fig. 5͑c͔͒ compared with the one directly below the edge ͓Fig. 5͑b͔͒. These observations confirm that the magnetic field variations originate from the magnetic material itself and not from imperfections along the edge of the film.
IV. MAGNETIZATION MODEL
Our model describes the effect of two-dimensional spatial variations in the perpendicular magnetization M y ͑x , z͒ of the film. Inhomogeneity leads to the appearance of a random magnetic field above the surface, of which we are most interested in the magnetic field component B z ͑x , y , z͒ that corrugates the bottom of the trapping potential. Using a standard approach incorporating the two-dimensional Fourier transform of the random magnetization N͑k x , k z ͒ and the magnetic scalar potential we obtain an expression for the B z component of the corrugated magnetic field. In the case of a magnetic film occupying a half-plane with the edge at x =0 ͑Fig. 1 and arbitrary magnetization noise we have, for heights greater than the film thickness,
where ␦ is the film thickness and K 1 is the modified Bessel function of the second kind. In general this expression can be used to describe any planar pattern of elements that can be represented as a linear combination of step functions. For white noise fluctuations in the magnetization ͉͑N͑k x , k z ͉͒ = ͉N 0 ͉͒ the rms value of the magnetic field roughness as a function of distance from the edge can be evaluated analytically. We calculate the magnetic field amplitude squared and perform ensemble averaging to obtain the expected height dependence of the magnetic field noise. The field noise spectrum above the edge can then be evaluated and is given by
where a comparison between the data and the model ͑Fig. 4͒ indicates ͉N 0 ͉ = 0.36 Am. The model is in good agreement with the experimental data for k z Ͼ 0.002 m −1 , however at low wave vectors we observe a systematic deviation which could be explained by additional long range variations in the film magnetization on the mm length scale. We note that these components provide a minor contribution to the overall rms magnetic field noise for the distances of interest ͑y 0 Ͻ 200 m͒ and do not affect our general results.
Finally we obtain an expression for the rms amplitude B z,rms of the field noise which includes the dependence across the film edge,
where ␣ = x / ͱ x 2 + y 2 , ⌬M is the rms magnetization inhomogeneity and d is the characteristic feature size of the domain structure. For x = 0 the model predicts that the corrugated magnetic field component decays with a y −2 dependence, consistent with our experimental result of y −1. 85±0.3 . This behavior can also be compared with the more rapid decay ͑ϰy −2.5 ͒ expected for white noise fluctuations of the edge of current-carrying wires ͓17,18͔. Film edge fluctuations are expected to produce corrugations three orders of magnitude smaller than that observed in the experiments ͑Fig. 6͒. The model also predicts the fast decay of the corrugated magnetic field away from the film edge for x Ͻ 0 ͑Fig. 6 inset͒.
In Fig. 6 the experimental results are compared with the model with relevant energy scales indicated by dotted lines. The characteristic feature size and distribution function of the domain structure has been inferred from MFM measurements of a demagnetized Tb 6 Gd 10 Fe 80 Co 4 film and is found to have close to white noise characteristics with d Ϸ 5 m. The best fit of Eq. ͑5͒ to the data is found for ⌬M / M s Ӎ 0.3, where M s is the saturation magnetization of the film. If the inhomogeneity is assumed to originate from reversal of a small number of magnetic domains ͓M y ͑x , z͒ = ± M s ͔ then we conclude that the mean magnetization of the film is greater than 0.9M s .
V. MAGNETORESISTANCE MICROSCOPY
After the rf spectroscopy measurements of the corrugated potential we have removed the atom chip from the vacuum chamber and have performed additional characterization using a magnetoresistance microscope which is sensitive to the out-of-plane B y field component ͓35,36͔. Our home-built magnetoresistance microscope ͓37͔ incorporates a commercially available magnetic tunnel junction probe ͑MicroMag-netics STJ-020͒ which allows approach distances of ϳ10 m. The noise levels for our measurements are about 0.1 T and the spatial resolution is approximately 50 m. Figure 3 shows a series of magnetic field profiles recorded using the magnetoresistance microscope at the heights which correspond to those of the rf spectroscopy results. The relative longitudinal offset of the magnetoresistance measurements is initially unknown and has been adjusted for optimal agreement with the results of rf spectroscopy. We note that the rms amplitude and the spectral characteristics of the two independent measurements as a function of height above the film edge are very similar.
From our model it is also possible to predict the field noise dependence for the B y,rms component at x = 0, which is simply related to the B z,rms component by B y,rms ͑y͒ = ͱ 2B z,rms ͑y͒, allowing a direct comparison between the results obtained using the magnetoresistance microscope and those obtained using rf spectroscopy of ultracold atoms. Shown in Fig. 6 ͑triangles͒ are additional measurements of the rms field noise measured between 60 m and 500 m from the magnetic film edge. These are also consistent with the y −2 power-law spatial decay, where the small systematic discrepancy between the two measurement methods can be attributed to a 20 m transverse displacement of the magnetoresistance probe from the film edge.
VI. CONCLUSION
The Tb 6 Gd 10 Fe 80 Co 4 magnetic film was originally chosen for its desirable magnetic properties including a large coercivity ͑ 0 H c = 0.32 T͒ and a high Curie temperature ͑T c ϳ 300°C͒ ͓23͔. We attribute the observed inhomogeneity to deterioration of the magnetic film experienced during the vacuum bake-out ͑140°C over 4 days͒ despite the relatively high Curie temperature of our film. This conclusion is consistent with reports of reduced perpendicular anisotropy found for similar films after annealing at temperatures above 100°C ͓38,39͔ and with our own measurements on similar films. After our magnetoresistance studies we have remagnetized the film thereby reducing the level of inhomogeneity by approximately a factor of 10.
In conclusion, trapped ultracold atoms are very sensitive to small magnetic field variations found near the surface of the permanent magnetic film. These variations corrugate the longitudinal trapping potential and result in fragmentation of atomic density. We have developed the technique of spatially resolved rf spectroscopy as a powerful method for accurately mapping small magnetic field variations near the surface of the magnetic film. A simple model accounts for spatial inhomogeneity of the film magnetization and agrees well with the observations. The development of permanent magnet atom chips will require additional research aimed at further optimizing the quality of the magnetic films.
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